without a porous medium. They concluded that the porous medium embedded inside the lower channel led to an increase in the thermal effi ciency of the collector by more than 30% compared with the case without a porous medium. Therefore, the studies showed the importance of employing porous medium in thermal solar collectors. On the other hand, the pressure drop in the air caused by friction with a porous medium was not negligible, and this was studied using the second-law analysis (Languri et al., 2011) . Imbriale et al. (2012) investigated the effect of periodic patterns of protrusions (ribs) on the free-convection heat transfer of a vertical plate, with a uniform heat-fl ux rate boundary condition. Air was considered as a convective fl uid. Two-dimensional, high resolution heat transfer measurements were performed by using an infrared thermograph and the heated thin foil technique. Experiments were performed on two types of ribs pattern topology: single or two staggered rows of ribs inclined at different angles and single or two-staggered rows of V-ribs (Imbriale et al., 2012) . Bharadwaj et al. (2012) carried out experiments to determine the effect of an equilateral triangular solar air heater duct on the heat transfer and friction characteristics using inclined continuous ribs as roughness elements on the absorber plate. The experimental study encompassed the range of Reynolds numbers from 5600 to 28,000, relative roughness height (e/D) 0.021-0.043, relative roughness pitch (p/e) 8-16, and the angle of attack (α) 30-60 o . The duct had an aspect ratio (W/H) of 1.15. The effect of flow parameters and roughness parameters on heat transfer and friction factor was discussed. The thermohydraulic performance parameter had been determined for the given range of fl ow parameters and roughness geometries (Bharadwaj et al., 2012) . Rallabandi et al. (2009) (Rallabandi et al., 2009 ). Saha and Dutta (2001) studied the thermohydraulics of a laminar swirling fl ow through a circular tube fi tted with a twisted tape. The thermohydraulic performance showed that twisted tapes with multiple twists in the tape module were not much different from those with a single twist in the tape module. The friction factor and the Nusselt number were approximately 15% lower for twisted tapes with smooth swirl having the same average pitch as that of the uniform pitch (throughout) twisted tape. Twisted tapes with a gradually decreasing pitch performed worst than their uniform pitch counterparts (Saha and Dutta, 2001 ). Saha (2010) made another study of the thermohydraulics of a laminar fl ow through rectangular and square ducts with axial corrugation. He observed that based on a constant pumping power, up to 45% heat duty increase occurred for the combined axial corrugation and twisted-tape insert case compared with the individual axial corrugation and twisted-tape insert cases in the measured experimental parameters space. On the constant heat duty basis, the pumping power had been reduced to 30% for the combined enhancement geometry than the individual enhancement geometries (Saha, 2010) . El-Sebaii et al. (2011) investigated the thermal performance of a double pass solar air heater. They observed that the double pass V-corrugated plate solar air heater was (9.3-11.9)% more effi cient compared to the double pass-fi nned plate solar air heater. It was also indicated that the peak values of the thermohydraulic effi ciencies o and wavy height of 2.5 mm with a channel height of 17.5 mm were the optimum parameters and they had a signifi cant effect on the heat transfer enhancement. It was observed that a wavy channel was a suitable method for increasing the thermal performance. Moreover, it gave higher compactness of a heat exchanger (Mohammed et al., 2013) . Since air is a bad conductor of heat, therefore the rate of heat transfer from a conventional solar air heater absorber to air fl owing over it is not signifi cant. It has been observed that different researchers put effort to enhance the thermal performance of a solar air heater by incorporating different roughness geometries. Providing artifi cial roughness in the form of ribs, protrusions, or wires of various geometries on solar energy metallic absorbers enhances the thermal effi ciency. Therefore, the principal objective of the present study is to perform a detailed experimental thermal analysis of an in house designed and developed an effi cient aluminum plate solar air heater with hemispherical protrusions.
MATERIAL AND METHODS
A rectangular duct with an aspect ratio of 10, measuring 2400 × 375 × 37.5 mm 3 , which holds the aluminum sheet with hemispherical protrusions, was fabricated (Fig. 1) . Moreover, the lengths of the entry and exit sections were provided to be 900 mm and 500 mm as per established standards of ASHRAE. Ten PT-100 type thermocouples (24 SWG) with digital display units (Electra, India) of temperatures (accuracy of 0.1 o C) measured the duct air temperatures. Similarly, 15 thermocouples were pasted on the plate to measure average plate temperatures (Fig. 2) . The thermocouples were calibrated with standard thermometer and the variations of results were within 5% of standard values. The mass fl ow rate of air was measured with the help of a calibrated hot-wire anemometer (Testo 425, Germany, 0-20 m/s, resolution 0.01 m/s, accuracy 0.03 m/s). The air velocity was varied by using a variable speed blower (Black and Decker, India) with a maximum discharge of 3.5 m 3 /min and a maximum rpm of 16,000). The hot-wire anemometer (Rockwin, India) (Fig. 3 ) was calibrated with a turbine fl ow meter (discharge 6-2500 m 3 /h, linearity ±0.5%). The bottom and sides of the duct were insulated by using a 10-mm-thick ply board. The computed hydraulic diameter was 68 mm for this roughened duct air heater. The relative roughness height e/D varied from 0.025 to 0.055 and the relative roughness pitch p/e varied from 10 to 14 during the experiments (Fig. 4) . The Reynolds number was varied from 3500 to 15,000 for the entire set of experiments by using a variable speed blower, a turbine fl ow meter in addition to a hot-wire anemometer.
To analyze the performance of the solar air heater, the following assumptions have been made:
FIG. 1: Hemispherical protrusion on an aluminum sheet

FIG. 2:
Experimental setup of a solar air heater (across the width) Sangewar 1) the temperature difference between the plate and fi ns is neglected due to the large thermal conductivity of the absorber plate and pin fi ns;
2) the thermal process in the roughened air collector is approximately in a steady state;
3) the centrifugal blower causes a negligible rise in air temperature; 4) the glazing material has negligible heat capacity.
The experiments were conducted on sunny days from 10.30 a.m. to 12.30 p.m. at OPJU campus (latitude 21.9 o N and longitude 83.4 o E).
According to the assumptions made for the physical model, the heat balance of the solar collector may be given as The heat loss of the collector Q cl is given by
But for a conventional solar air heater, Eq. (5) cannot be used, since T i is approximately equal to T a . Therefore, the above equations may be modifi ed based on the collector heat gain factor (F o ) relating to the air exit temperature (Akpinar and Kocyigit, 2010) :
The average coeffi cient of convective heat transfer from a roughened absorber with hemispherical protrusions and air fl owing over it is given by Eq. (7), where T p and T a are the average aluminum absorber plate temperature and ambient air temperature, respectively:
It was observed that variation of the absorber temperatures along the fl ow direction was linear. Moreover, the variation of temperature in the normal direction of airfl ow was incredibly small. The variation of the fl owing air temperature over the absorber plate was linear. Now the convective heat transfer coeffi cient (h) is related to the Nusselt number of an artifi cially roughened (with hemispherical protrusions) solar thermal absorber by Eq. (8):
The collector performance parameter heat removal factor (F R ) and collector effi ciency factor (F l ) related to other variables according to Duffi and Beckman (2006) as
The Nusselt number for a smooth rectangular duct is given by the Dittus-Boetler equation (Han et al., 1985) . The roughness parameters, namely e/D and p/e, are strong functions of the Nusselt number for an artifi cially roughened solar air heater. Saini and Verma (2008) used the following correlations to compute the Nusselt number of a solar air heater with dimple protrusions: 
However, the present study uses a modifi ed correlation for the analysis of our experimental data of a solar air heater with hemispherical protrusions, Eq. (14). Error analysis of the experimental data was made as suggested by Kline and McClintock (1953) . The maximum possible errors, encountered in the measurements of different parameters such as the Reynolds number, Nusselt number, and the convective heat transfer coeffi cient, were 1.08%, 2.98%, and 2.78%, respectively. Enhancement of Thermal Effi ciency Volume 15, Issue 1, 2014
RESULTS AND DISCUSSION
The computation of the collector effi ciency was done for incident solar radiations (average 650 W/m 2 ). This data was measured from 10.30 a.m. to 12.30 p.m. at the OPJU automatic weather station. The collector effi ciency vs. the temperature parameter, (T o -T a )/I c , for three different mass fl ow rates is presented in Fig. 5 . The effi ciencies of the hemispherical protrusions were computed to attain 80%, 70%, and 60% at mass fl ow rates of 1 = 0.0417, 2 = 0.0313, and 3 = 0.0208 kg/s, respectively. It was observed that the effi ciency decreased with increase in the temperature parameter. The thermal effi ciency increased at a higher mass fl ow rate due to the fact that the fl uid fl ow changed from laminar to turbulent at the same temperature parameter. (Fig. 7) . Figure 8 shows the effect of variable p/e (between 10-14) for a fi xed value of e/D of 0.055. It is the maximum Nusselt values for p/e value of 12 and it decreases in either side of 12. This is due to the separation of airfl ow on the surface with hemispherical protrusions, and reattachment of a free shear layer occurs for p/e equal to 12. This gives rise to maximum heat transfer near the reattachment region. Reattachment may not occur near p/e equal to 10 or 14 and therefore the Nusselt number is smaller in these regions. For a higher value of the e/D ratio (0.055), greater reattachment of the free shear layer might occur and this enhances the Nusselt number. Figure 9 shows the performance of the roughened collector compared to a smooth one for mass fl ow rate of air over unit absorber area 0.0555, 0.0835, and 0. 
